Verticillium dahliae causes destructive vascular wilt diseases on more than 200 plant species, including economically important crops and ornamental trees worldwide. The melanized microsclerotia enable the fungus to survive for years in soil and are crucial for its disease cycle. Previously, we found that the VdPbs2-VdHog1 (V. dahliae Pbs2-V. dahliae Hog1) module plays key roles in microsclerotial formation, stress responses, and virulence in V. dahliae. In this study, two mitogenactivated protein kinase kinase kinases (MAPKKKs) homologous to Ssk2p and Ste11p, which activate the Pbs2p-Hog1p module by phosphorylation in budding yeast, were identified in the genome of V. dahliae. Both ΔVdSsk2 (V. dahliae Ssk2) and ΔVdSte11 strains showed severe defects in microsclerotial formation and melanin biosynthesis, but the relative importance of these two genes in microsclerotial development was different. Deletion of VdSsk2, but not VdSte11, affected responses to osmotic stress, fungicidal response, and cell wall stressors. The ΔVdSsk2 strain exhibited a significant reduction in virulence, while the ΔVdSte11 strain was nonpathogenic due to failure to penetrate and form hyphopodia. Phosphorylation assays demonstrated that VdSsk2, but not VdSte11, can phosphorylate VdHog1 in V. dahliae. Moreover, VdCrz1, encoding a calcineurin-responsive zinc finger transcription factor and a key regulator of calcium signaling in fungi, was misregulated in the ΔVdSsk2, ΔVdPbs2, and ΔVdHog1 mutants. IMPORTANCE These data provide insights into the distinctive functions of VdSsk2 and VdSte11 in pathogenicity, stress adaptation, and microsclerotial formation in V. dahliae.
V erticillium dahliae is a soilborne fungus that infects more than 200 dicotyledonous plant species and causes devastating vascular wilt diseases (1) . The resting structures of this fungus are known as microsclerotia, which generate infectious hyphae that penetrate the host epidermis directly and colonize the root cortex. After a brief period in the cortex, the fungus enters the xylem tissue (2) . As vascular colonization and wilt development progresses, V. dahliae produces melanized microsclerotia in dying plant tissues, representing new primary inocula (3) . Melanin deposition is tightly coupled with microsclerotial development (4) , though it is not required for pathogenicity (5) . However, melanin does provide protection from UV irradiation and temperature extremes (5) , enzymatic lysis, nutrient deprivation, and fungicidal activities (6) . Thus, melanized microsclerotia are vital to the survival of this pathogen in soil, sometimes for very long periods, in the absence of a host plant. Because of their vitally important roles in the life cycle and disease spread, microsclerotia are considered important targets for disease control (4, 7) . Therefore, elucidation of the molecular mechanisms that underlie microsclerotial development and pathogenicity, including the key signaling pathways that control these processes, represent important steps in the quest for novel control strategies.
Mitogen-activated protein kinase (MAPK) cascades, as key cores of signaling networks in fungi and other eukaryotes, mediate the signaling required to initiate infection-related morphogenesis and for a variety of cellular adaptations to diverse stimuli (8) . To activate the MAPK cascade, a MAPK kinase kinase (MAPKKK) phosphorylates the MAPK kinase (MAPKK), which in turn activates the MAPK by phosphorylation. The high-osmolarity glycerol (Hog) pathway is one of the MAPK signaling pathways that is activated by deleterious environmental conditions, such as high osmolarity, citric acid, and heat stresses (9) . This pathway is well understood in the yeast Saccharomyces cerevisiae (9, 10) . The canonical Hog pathway contains two branches, mediated by Sho1p and Sln1p, which converge on the MAPKK Pbs2p (11, 12) . Two MAPKKKs, Ste11p and Ssk2p/Ssk22p, activate the Pbs2p-Hog1p module in S. cerevisiae (13) .
The core components of the Hog pathway are well conserved in fungi, and their biological roles in regulating stress adaptation have been reported in several filamentous plant-pathogenic fungi, such as Magnaporthe oryzae, Cryphonectria parasitica, Botrytis cinerea, Mycosphaerella graminicola, and the oomycete Phytophthora sojae (14) (15) (16) (17) (18) (19) . Systematic characterization of the kinome of plant pathogen Fusarium graminearum revealed that F. graminearum Ssk22 (FgSsk22) functions upstream of FgPbs2 and FgOs2 (20) , indicating that it is different from yeast somehow. However, our knowledge about upstream MAPKK and MAPKKKs in filamentous fungi is more limited.
Calcium (Ca 2ϩ ) signaling is also involved in fungal development and stress tolerance (21) . After binding Ca 2ϩ , the protein calmodulin activates calcineurin (22) . Crz1 (calcineurin-responsive zinc finger) is an important downstream transcription factor, whose function is dependent on appropriate Ca 2ϩ signaling in fungi (23) . For example, M. oryzae CRZ1 (MoCRZ1) is essential for tolerance to ion stress, maintaining cell wall integrity, and virulence in M. oryzae (24, 25) . In B. cinerea, the CRZ1 homolog is required for sclerotial formation and pathogenicity (26) .
In recent years, some of the key components of signal transduction in V. dahliae have been characterized, including those of MAPK pathways (VMK1, VdMsb, VdSho1, VdPbs2, VdHog1, and VdMsn2) (27) (28) (29) (30) (31) , and VdCrz1 (32) . Vmk1 was the first characterized MAPK in V. dahliae, and it is an ortholog of yeast Kss1p, which is required for filamentous growth in S. cerevisiae (33) . Vmk1 is essential for pathogenicity, though the vmk1 mutant is also defective in conidiation and microsclerotial formation (31) . V. dahliae mutants lacking the transmembrane mucin, VdMsb, exhibit significant reductions in invasive growth, adhesive capacity, conidiation, and microsclerotial formation (34) . VdSho1 controls external sensing, virulence, and multiple growth-related traits in V. dahliae (30) . Previously, the kinase module VdPbs2-VdHog1 has been functionally characterized in V. dahliae (28, 29) . Yet the roles of upstream MAPKKKs VdSsk2 and VdSte11, which are conserved and thought to signal to the Hog MAP kinase cascade, are not well understood in V. dahliae.
The objective of this current study was to confirm or establish functional similarities in signaling, if any, between VdSsk2 and VdSte11, as upstream MAPKKKs, and secondarily to determine whether these kinases contribute to virulence in V. dahliae. In this study, we have characterized the roles of VdSsk2 and VdSte11 in signal transduction in V. dahliae. Overall, our data indicate that V. dahliae differs from the model yeasts in the lack of convergence of both Ssk2p and Ste11p on the Hog pathway, and this supports a model whereby only VdSsk2 acts upstream of the VdPbs2-VdHog1 module. VdSsk2 is a major regulator of some stress responses analyzed, and VdSte11 is essential for pathogenicity and melanin biosynthesis. Through genetic analyses, we discovered that VdSsk2 and VdSte11 have distinctive functions in microsclerotial formation and that the calcineurin-responsive zinc finger transcription factor VdCrz1 acts downstream of the Hog MAPK pathway through Ca2 ϩ signaling. These findings clarify functional relation-ships of key upstream components of signaling pathways that govern virulence, microsclerotial development, and stress responses in V. dahliae.
RESULTS
VdSte11 affects hyphal morphology in V. dahliae. MAPKKKs homologous to yeast Ssk2/Ssk22p and Ste11p were identified in the genome of V. dahliae. The two genes, VdSsk2 (V. dahliae Ssk2) and VdSte11, encode proteins that share high identity to the yeast proteins Ssk2p and Ste11p, respectively. The yeast has two kinases, Ssk2p and Ssk22p, whereas V. dahliae has only VdSsk2. VdSsk2 and VdSte11 are also highly homologous to other Ssk2p and Ste11p orthologs from other fungi, respectively (see Fig. S1 and S2 in the supplemental material). To functionally investigate the roles of VdSsk2 and VdSte11, three independent deletion mutants were obtained for each gene and verified by multiple PCR analyses and DNA blots ( Fig. S3 ). Mutants were complemented by introduction of the wild-type copies of either VdSsk2 or VdSte11 into the mutant strains ( Fig. S3 ).
Phenotypic observations of the ΔVdSsk2 and ΔVdSte11 strains revealed no major growth defects on various media ( Fig. S4 ). However, the colonies of the ΔVdste11 strain appeared smooth and exhibited less aerial mycelia than the colonies of other strains ( Fig. S4 ). After incubation on basal medium (BM), aerial mycelial growth was markedly reduced in the ΔVdSte11 strain versus the ΔVdSsk2 strain, the complemented strains, and wild-type strain XS11 (Fig. 1A) . The germ tubes from the conidia of the ΔVdSte11 strain were convoluted with disproportionate branching and septation relative to the other strains, appearing near yeast-like in growth at 24 and 48 h postinoculation (hpi). Furthermore, the mycelial clumps of the ΔVdSte11 strain that formed in the liquid 7 days postinoculation (dpi) were strikingly smaller than the wild-type strain XS11 and the ΔVdSsk2 strain ( Fig. 1B ). After staining with calcofluor white (CFW), the ΔVdSte11 strain exhibited enhanced hyphal compartmentalization relative to other strains (Fig. 1C , red arrowheads). The mean number of hyphal septa of the ΔVdSte11 strain was 1.5 times more than that of other strains ( Fig. 1D ). Given these findings above, we concluded that VdSte11 plays an essential role in filamentous growth over solid surfaces and in liquid media, while VdSsk2 has no obvious effect on filamentous growth and morphology.
VdSsk2 and VdSte11 play distinct roles in microsclerotial formation and melanin biosynthesis. To investigate functions of VdSsk2 and VdSte11 in microsclerotial formation, we first assessed the ability of the above strains to form microsclerotia on different media, such as potato dextrose agar medium (PDA), BM, and complete medium (CM). Microscopic examination showed that the ΔVdSte11 andΔVdSsk2 strains produced less melanized microsclerotia compared to wild-type strain XS11 and the complemented strains ( Fig. 2A, B , and C). Interestingly, deletion of VdSte11 led to more severe defect in melanization. Further observations and quantification demonstrated that the ΔVdSsk2 strain produced melanized microsclerotia in significantly reduced numbers (five times less than strain XS11), while the ΔVdste11 strain produced smaller microsclerotia that were devoid of the pigmentation characteristic of melanin deposition ( Fig. 2D ). Strikingly, swollen hyphal clusters (microsclerotial initials) abundantly appeared amid the colonies of the ΔVdste1 strain. Quantification of microsclerotia revealed that the ΔVdste11 strain produced clusters about 1.3 times more than strain XS11 did ( Fig. 2E ). Even at 60 dpi, while the ΔVdSsk2 strain formed similar sized melanized microsclerotia similar to those observed in strain XS11, the ΔVdste11 strain produced fewer melanized microsclerotia, which were also smaller than those of the other strains examined (Fig. S5 ). These results indicated that both VdSsk2 and VdSte11 participate in microsclerotium formation, but the roles of the two are distinctive. That is, VdSsk2 affects the number of melanized microsclerotia, while VdSte11 regulates melanin production or deposition during microsclerotial development.
To determine how VdSsk2 and VdSte11 affect the expression patterns of genes with known roles in melanin biosynthesis or those previously shown as highly upregulated during melanin biosynthesis (4, 5, 7) . Reverse transcription-quantitative PCR (RT-qPCR) analyses were performed on the gene sets (Table 1) 
, and VdMsn2 (VDAG_04227). Consistent with a deficiency in melanization during culturing, gene expression data showed that seven genes, including VdPKS1, VdLac1, and VdCmr1, were significantly downregulated in both the VdSsk2 and VdSte11 mutants ( Fig. 2F ), suggesting that both VdSsk2 and VdSte11 positively regulate the expression of genes involved in melanin biosynthesis. However, the expression levels of these genes in the ΔVdste11 strain were much lower than that of the ΔVdSsk2 mutant ( Fig. 2F ), indicating that VdSte11 functions as a major regulator of melanin biosynthesis and is further consistent with the phenotype of the ΔVdSte11 strain. However, the transcript levels of VDAG_03674 observed in both mutants were not significantly different from those of strain XS11. The expression of VdMsn2 (VDAG_04227), which is a negative regulator of melanized microsclerotial formation (27) , was obviously downregulated in the ΔVdSsk2 strain but significantly upregulated in the ΔVdSte11 strain. This strengthened the idea that VdSte11 might play a major role in melanin biosynthesis in V. dahliae. Collectively, we concluded that VdSsk2 and VdSte11 have overlapping functions in regulating some melanin biosynthetic genes, but their roles are different in melanin biosynthesis and microsclerotial development, suggesting the participation in different signaling pathways in V. dahliae.
Deletion of VdSte11 impairs penetration, whereas deletion of VdSsk2 affects fungal proliferation. To determine the roles of VdSsk2 and VdSte11 in virulence, we performed pathogenicity assays on tobacco seedlings by root dip inoculation with conidial suspensions (2 ϫ 10 6 conidia/ml) from each mutant strain, complemented strains, and wild-type strain XS11. At 35 dpi, pathogenicity assays showed that tobacco seedlings inoculated by the ΔVdSte11 strain exhibited no chlorosis, while about 40% of seedlings inoculated by the ΔVdSsk2 strain appeared slightly chlorotic (the yellowing of the leaves in Fig. 3A) . In contrast, about 40% of seedlings inoculated with strain XS11 and complemented strains showed severe wilt symptoms (Fig. 3A) . Both ΔVdSsk2 and ΔVdSte11 mutants displayed significantly reduced disease severity. Figure 3B shows that the ΔVdSte11 strain was nonpathogenic, and while the ΔVdSsk2 strain caused typical Verticillium wilt symptoms, the disease severity (2 seedlings died, 9 seedlings wilted, and 9 seedlings showed no symptom; n ϭ 20 seedlings) was significantly lower than that observed following inoculation with strain XS11 and the complemented strains ( Fig. 3B ). Correspondingly, fungal hyphae were not recovered from plants inoculated with the ΔVdSte11 strain, while the ΔVdSsk2 strain could be reisolated from vascular tissue at a lower rate of isolation than those of the VdSsk2-complemented strain and XS11 ( Fig. 3C ).
To further characterize the defect of the ΔVdSte11 strain in pathogenicity, we first assayed the penetration of hyphae through the cellophane membrane. On CM overlaid with the cellophane membrane, neither ΔVdSte11 nor ΔVdSsk2 strains exhibited obvious defects in colony morphology at 5 dpi, similar to earlier observations recorded on PDA. However, the inability of hyphae to penetrate through the cellophane membrane was notable in the ΔVdSte11 strain, while there was only a slight defect in penetration of hyphae in the ΔVdSsk2 strain; successful penetration of the wild type and the complemented strains occurred, as visualized after removal of the cellophane membrane at 2 dpi (Fig. 4A ). In addition, the ΔVdSte11 strain failed to form hyphopodia for penetration pegs, whereas the ΔVdSsk2 strain, strain XS11, and the complemented strains produced abundant hyphopodia on the cellophane membrane ( Fig. 4B ). Another penetration assay was performed using onion epidermal tissue. The results of this assay showed that the ΔVdSte11 strain did not penetrate into onion epidermis, since no invasive hyphae (IH) appeared in the ΔVdSte11 mutant, while infectious hyphae were abundant in ΔVdSsk2, XS11, and the complemented strains ( Fig. 4C ). These results suggest that VdSsk2 and VdSte11 have distinct roles in pathogenesis. In conclusion, deletion of VdSte11 impairs penetration, whereas deletion of VdSsk2 affects proliferation in the xylem. The ⌬VdSsk2 mutant phenocopies the ⌬VdPbs2 and ⌬VdHog1 mutants under various stressors. Because deletion of VdPbs2 and VdHog1 led to enhanced sensitivity to osmotic stresses (28, 29) , we also examined the ΔVdSsk2 and ΔVdSte11 strains in relation to osmotic stress to determine whether one of these kinases functions in the same pathway as the VdPbs2-VdHog1 module. Compared with wild-type strain XS11 and the complemented strains, the ΔVdSsk2 strain exhibited dramatic hypersensitivity to high-osmolarity stresses such as NaCl and sorbitol and increased resistance to fungicides such as fludioxonil and iprodione ( Fig. 5A and B) , which was consistent with
The Verticillium dahliae ΔVdSsk2 and ΔVdSte11 strains exhibit severe defects in pathogenicity. (A) Two-month-old tobacco seedlings were inoculated with a conidial suspension (10 6 conidia/ml) of XS11 strain, ΔVdSsk2 and ΔVdSte11 deletion strains, and complemented strains for 30 min. Control inoculations (CK) were performed by dipping seedlings in distilled water for 30 min. All seedlings were replanted into the soil after root dipping. Photographs were taken at 35 dpi, respectively. (B) Disease levels were scored according to the number of seedlings that showed wilt symptoms or had died. Twenty seedlings were inoculated with each strain. The disease ratings of the symptoms were calculated at 35 dpi. 0 ϭ no wilting, 1 ϭ yellowing or wilting of Ͻ2 leaves, 2 ϭ yellowing or wilting of one-fourth leaves, 3 ϭ yellowing or wilting of two-thirds leaves, and 4 ϭ more than 85% of the leaves wilted or the whole plant died. (C) Reisolation of V. dahliae strains from the system of inoculated tobacco plants at 25°C for 7 days. Images were taken after transferring fungal colonies from the stem sections to PDA at 25°C for 10 days. Bar indicates 0.5 cm.
Roles of VdSsk2 and VdSte11 in V. dahliae previous results obtained by examining the ΔVdPbs2 and ΔVdHog1 strains (28, 29) . On the other hand, sensitivity of the ΔVdste11 strain to the above stresses was comparable to that observed in strain XS11 ( Fig. 5A and B) .
In addition, we demonstrated that aberrant chitin distribution occurred in the ΔVdSsk2 strain under osmotic stress compared with wild-type strain XS11 (Fig. 5C ). The deletion of VdSsk2 caused enhanced growth on media with CFW (10, 20, and 30 g/ml) and Congo red (CR) (25 g/ml) compared with strain XS11, respectively (Fig. 5D ). The statistical analyses showed that the ΔVdSsk2 strain was significantly different from strain XS11 and the ΔVdSsk2 complementation strains (P Ͻ 0.01) ( Fig. 5E ), but the ΔVdste11 strain showed no difference from strain XS11 ( Fig. 5D and E). Moreover, chitin synthase and ␤-1,3-glucan synthase are involved in the synthesis of chitin and ␤-1,3glucan in fungi (35) . We identified three genes encoding components involved in cell wall integrity, such as VDAG_02340, VDAG_02341 which encodes 1,3-␤-glucan synthase, and VDAG_08428 which encodes a glucan synthesis regulatory protein. Figure 5F shows that loss of VdSsk2 induced significantly higher expression of three genes, indicating that VdSsk2 negatively regulates chitin synthesis. Taken together, the results demonstrated that the deletion of VdSsk2, VdPbs2, and VdHog1, but not VdSte11, caused hypersensitivity to high osmolarity and resistance to fludioxonil, suggesting that VdSsk2 functions in the same signaling pathways as VdPbs2 and VdHog1 in V. dahliae.
The VdSsk2-VdPbs2-VdHog1 signaling pathway is involved in high Ca 2؉ concentration tolerance. To elucidate the contribution of the VdSsk2-VdPbs2-VdHog1 module plus VdSte11 to adaptation of high Ca 2ϩ levels, we tested the tolerance of each mutant to different concentrations of Ca 2ϩ . The ΔVdSsk2 strain exhibited increased sensitivity to calcium at higher concentrations, similar to that observed in the ΔVdCrz1, ΔVdPbs2, and ΔVdHog1 strains (Fig. 6A) . Interestingly, the ΔVdHog1, ΔVdPbs2, and ΔVdSsk2 strains were more sensitive to higher Ca 2ϩ than the ΔVdcrz1 mutant. The hyphal growth of the ΔVdHog1, ΔVdPbs2, and ΔVdSsk2 strains was approximately 50% of that of the ΔVdcrz1 mutant in the presence of 0.4 M Ca 2ϩ (Fig. 6B) . However, the ΔVdSte11 strain showed sensitivity to higher Ca 2ϩ similar to that of strain XS11 (data not shown). Furthermore, we performed expression analyses of VdCrz1 by RT-qPCR to gain insight into the relationship between VdCrz1 expression in the genetic background of the ΔVdHog1, ΔVdPbs2, and ΔVdSsk2 strains and in the wild-type strain XS11. While the expression levels of VdCrz1 were significantly higher in response to Ca 2ϩ in the XS11 strain, the levels of VdCrz1 were not altered in any of the three mutants ( Fig. 6C ), suggesting that VdCrz1 expression induced by Ca 2ϩ is dependent on the Hog MAPK cascade. In contrast, expression levels of three genes (VdHog1, VdPbs2, and VdSsk2) were upregulated by Ca 2ϩ regardless of the presence or absence of VdCrz1 (Fig. 6D) , indicating that the Hog MAPK cascade acts upstream of VdCrz1. These findings indicated that expression of VdCrz1 was at least partially dependent on the VdSsk2-VdPbs2-VdHog1 signaling pathway and that misregulation in the expression of VdCrz1 in response to Ca 2ϩ treatment could account for high Ca 2ϩ sensitivity in the ΔVdHog1, ΔVdPbs2, and ΔVdSsk2 strains.
VdSsk2, but not VdSte11, activates VdHog1. An initial aim of this work was to investigate whether either the MAPKKKs encoded by VdSsk2 and VdSte11 could phos- phorylate VdHog1. Hog1 phosphorylation was not observed in the ΔVdSsk2 strain in this study consistent with observations made on the ΔVdPbs2 strain, but the level of Hog1 phosphorylation in the ΔVdSte11 mutant was similar to that observed in the wild-type strain (XS11) (Fig. 7A ). Induction of Hog1 phosphorylation occurred in the ΔVdSte11 strain, and this phosphorylation was stimulated by NaCl, similar to that observed in strain XS11 (Fig. 7B) . These findings suggested that VdSsk2, but not VdSte11, functions as the upstream activator of the VdPsb2-VdHog1 module in V. dahliae.
DISCUSSION
The Hog MAPK signaling pathway in fungi is important for sensing stressful conditions and the activation of gene expression that enables fungi to resist osmotic stress and to survive under other adverse conditions (13) . In S. cerevisiae, the two MAPKKKs, Ste11p and Ssk2/Ssk2p, activate the Pbs2p-Hog1p module. However, whether orthologs of Ste11p and Ssk2/Ssk2p converge on Pbs2 has not been conclusively shown in filamentous fungi (8, 9) . Several lines of evidence in this current study demonstrate that VdSsk2, but not VdSte11, functions as an integral component of the Hog signaling pathway in V. dahliae. First, mutants lacking VdSsk2 phenocopied VdPbs2 or VdHog1 deletion mutants in response to stress treatments. Second, as inferred from discernible microsclerotial formation phenotypes, VdSsk2 and VdSte11 play distinctive roles in melanized microsclerotial formation. Third, the phosphorylation level of VdHog1 was affected by the deletion of either VdSsk2 or VdPbs2, but not VdSte11. Finally, VdSte11 inactivation in V. dahliae resulted in the loss of pathogenicity due to a defect in plant infection, while the VdSsk2 deletion resulted in attenuated virulence similar to mutants of VdPbs2 or VdHog1.
The data presented herein suggest that the Ste11p MAPKKK ortholog in V. dahliae does not activate the Ssk2-Pbs2-Hog1 cascade. This is different from the pattern observed in S. cerevisiae, where the Hog1p MAPK is regulated by three functionally redundant MAPKKKs, including Ste11p, Ssk2p, and Ssk2p. In this study, we identified only one kinase (VdSsk2) unlike the two kinases (Ssk2p, and Ssk2p) found in S. cerevisiae. The mutant lacking VdSsk2 resulted in equivalent stress-related phenotypes All strains were incubated for 3 days in YEPD broth, and total proteins were extracted for immunoblot analysis. (B) VdHog1 activation by NaCl induction. The strains were grown for 3 days and exposed to 0.7 M NaCl in YEPD broth for 15 or 30 min, and total proteins were extracted for immunoblot analysis. The separated total proteins from V. dahliae were transferred to a nitrocellulose membrane and the anti-phospho-p38 monoclonal antibody (P-Hog1; Cell Signaling) was used to detect the phosphorylated form of the VdHog1p. The same blots were stripped and then reprobed with GAPDH antibody as an internal control.
Roles of VdSsk2 and VdSte11 in V. dahliae as exhibited by the ΔVdpbs2 or ΔVdhog1 strains. In contrast to the phenotypes of the ΔVdSsk2, ΔVdpbs2, ΔVdhog1, the ΔVdste11 strain did not display any stress-sensitive phenotypes. It is well-known that hypersensitivity to high osmolarity and increased resistance to fludioxonil are two hallmarks of the Hog pathway and also appeared in the deletion mutants of Hog1 cascade components in other filamentous fungi, such as Beauveria bassiana (36) , Cochliobolus heterostrophus (37) , Botrytis cinerea (15) , Mycosphaerella graminicola (17) , Colletotrichum lagenarium (38) , Cryphonectria parasitica (18) , Aspergillus nidulans (39) , and Magnaporthe grisea (19) . More importantly, biochemical assays have demonstrated that Hog1 phosphorylation was inhibited in the absence of Ssk2, Pbs2, or Hog1, but not altered in the absence of Ste11, in response to high osmolarity (40, 41) . This also supports the conclusion that VdSsk2, VdPbs2, and VdHog1 are sequentially phosphorylated in V. dahliae in response to hyperosmolarity, but not VdSte11. Taken together, in contrast to findings in model yeast systems, we propose that the Hog signaling occurs through sequential phosphorylation of the Ssk2, Pbs2, and Hog1 protein orthologs in filamentous fungi. However, it remains to be determined whether single or multiple histone kinases or other kinases function upstream of the cascade in response to various stressor cues. Using yeast two-hybrid assays, we found that neither VdSsk2 nor Ste11 physically interacts with VdPbs2 (data not shown). Exploring the biochemical and genetic connections between sensors, histone kinases, and the Hog pathway will be a future goal.
The budding yeast S. cerevisiae undergoes filamentous growth, which requires MAP kinase pathways (42) . This seminal discovery led to knowledge that S. cerevisiae Ste11 is required for filamentous growth, whereas Ssk2/Ssk22 is not (43) , which was consistent with our observations that the ΔVdSte11 mutant was defective in filamentous growth while the ΔVdSsk2 mutant had no obvious difference on filamentous growth.
The findings herein clarified distinctive roles of VdSsk2 and VdSte11 in the development of melanized microsclerotia in V. dahliae. Melanized microsclerotial formation is critically important in the life cycle of V. dahliae for both survival and spread (1) . Verticillium virulence and the development of microsclerotia increasingly appear to be linked (44) , though the basis for this correlation is not understood. Nevertheless, numerous genes have been characterized as having roles in the regulation of both virulence and microsclerotial development (44) . Melanized microsclerotia produced by the fungus originate from hyphal swelling and septation, and then fungal cells within these clusters subsequently become dark due to melanin secretion (45, 46) . In the present study, we provided several lines of evidence demonstrating distinctive functions of VdSsk2 and VdSte11 in microsclerotial formation and melanin biosynthesis. The ΔVdSsk2 strain exhibited a severe delay in microsclerotial formation and melanization. Although the microsclerotial development of the ΔVdste11 strain was similar to that observed in the wild type, there was clearly a lack of melanin biosynthesis, suggesting that both VdSsk2 and VdSte11 are involved in melanization of the microsclerotia. Importantly, delayed and reduced melanized microsclerotial formation of the ΔVdSsk2 strain mimics the phenotypes observed after deletion of multiple Hog1 MAPK pathway genes, including VdHog1, VdPbs2, VdMsb, and VdSho1 (28) (29) (30) 34) . Thus, mutation of VdSsk2 or these components of the Hog MAPK pathway delays and reduces melanized microsclerotial formation in V. dahliae, demonstrating that the Hog pathway plays important roles in microsclerotial formation and melanization.
On the other hand, the ΔVdSte11 strain exhibited a lack of melanin, especially during microsclerotial formation, which is reminiscent of the vmk1 mutant (31) . We also found that deletion of VdSte7 does affect melanin biosynthesis, but not microsclerotial formation (not published), indicating that Ste11-Ste7-Kss1 functions as the MAPK cascade in V. dahliae. We also previously reported that VdCmr1 is required for melanin production, but not for microsclerotial development (5) . In the current study, we demonstrated that expression of VdCmr1 was significantly downregulated in the ΔVdste11 mutant. We further found that expression of most melanogenesis-associated genes, including that of Vayg1, was completely inhibited in the ΔVdste11 strain. Moreover, the transcription factor VdMsn2 was previously proven to be a negative regulator of microsclerotial formation (27) . The expression of VdMsn2 was upregulated in the ΔVdste11 mutant, which supports the observation of microsclerotial formation without melanin production. Taken together, these findings indicate that VdSte11 is required for melanin biosynthesis but not for microsclerotial development. However, melanin production was nevertheless impaired in Hog1 MAPK pathway mutants in culture, suggesting that melanogenesis is dependent on Hog1 signaling. It will be of interest to identify the overlapping mechanisms of melanogenesis regulated by different signaling pathways in future studies.
We also found that Ste11 plays a conserved role in pathogenesis in V. dahliae. Most pathogenic fungi possess infection-related MAPKs that are orthologs of the yeast Fus3/Kss1 MAPK, and these MAPKs play important functions in establishment of various infection strategies. Kss1 orthologs are essential for plant infection in many phytopathogens. For example, the M. oryzae PMK1 is crucial for appressorium formation and controls plant cell-to-cell invasion (47, 48) . The genes upstream of PMK1, especially MAPKK MST7 and MAPKKK MST11, as well as the adaptor protein Ste50, are essential for differentiation of penetration structures and plant infection (49, 50) . M. oryzae strains lacking Ste11 failed to form appressoria and are nonpathogenic. In multiple pathogenic fungi, the deletion or disruption of Ste11 resulted in the loss of virulence, i.e., Colletotrichum orbiculare (51), Cochliobolus heterostrophus (52) , and Candida albicans (53) . Indeed, the Ste11-Ste7-Kss1 cascade is required for infection in all phytopathogens examined (8, 54) . The current studies show that deletion of VdSte11 causes loss of pathogenicity, as the mutant fails to penetrate and develop invasive growth in V. dahliae.
Compared with Magnaporthe oryzae, very little is known about how the Ste11-Ste7-Kss1 cascade governs virulence and vascular colonization of V. dahliae. Disruption of VdKss1 (previously known as Vmk1) resulted in reduced virulence against a variety of host plants (31) . Furthermore, transcription factor Ste12 is a downstream target of the Ste11-Ste7-Kss1 cascade (55, 56) . In V. dahliae, Vhb1, the Ste12 homolog, is required for virulence by impairing the ability to colonize the xylem (57) . In agreement with these observations, the ΔVdste11 strain was avirulent. Significantly, our present study has highlighted the importance of studying this cascade in virulence of the soilborne fungus. Dissecting the specific roles of each of the VdSte11-VdSte7-VdKss1 cascade members in virulence requires further investigation.
This work focused on elucidating roles of VdSsk2 and VdSte11 in microsclerotial formation, stress responses, and pathogenicity. In doing so, we uncovered cross talk between the Hog cascade with other MAPK pathways in V. dahliae. Strikingly, the ΔVdSsk2 mutant phenocopies the ΔVdPbs2 and ΔVdHog1 mutants under various stressors, the ΔVdSte11 mutant had defects in filamentous growth, suggesting that in V. dahliae, there is an osmotic branch (VdSsk2-VdPbs2-VdHog1) and a filamentous branch (VdSte11). We noted that under high concentrations of Ca 2ϩ , the strains lacking a functional Hog cascade (VdSsk2, VdPbs2, and VdHog1) were much more sensitive than the ΔVdCrz1 strain. Crz1 is a key regulator of calcium signaling in fungi, and VdCrz1 plays important roles in Ca 2ϩ signaling and microsclerotia development in V. dahliae (32) . Interestingly, consistent with the increased sensitivity of the mutants, the expression of VdCrz1 was significantly downregulated in Hog cascade mutants. The results suggest that VdCrz1 function is partly dependent on a functional Hog cascade, where the cascade directly influences VdCrz1 gene expression induced by Ca 2ϩ . We speculate that Vdcrz1 is regulated by the Hog cascade and Ca 2ϩ signaling. How VdCrz1 is regulated by the Hog pathway requires further analysis in V. dahliae. On the other hand, we also found that VdSsk2 and VdSte11 can coregulate several downstream target genes related to melanin biosynthesis, including the transcription factor VdCmr1 and the polyketide synthase (VdPKS1) (5) . Similarly, in C. heterostrophus, Chk1 and Mps1 share multiple downstream targets, such as the transcription factor CMR1 and melanin biosynthetic genes (37) . Taken together, we propose a simple model in Fig. 8 to account for the difference and convergence in the two MAPK pathways during micro-sclerotial formation, stress response, and pathogenesis in V. dahliae, indicating that both pathways are distinct and converged.
In conclusion, the two MAPKKKs, VdSsk2 and VdSte11, play some distinctive roles in signaling for microsclerotial development, stress responses, and pathogenicity of V. dahliae. Our findings provide compelling evidence indicating that VdSsk2 is necessary for signaling through the VdPbs2-VdHog1 module, while VdSte11 is not necessary for this pathway. Although VdSsk2 (and the cognate Hog cascade) serves a more critical role as a regulator of fungal stress response, and VdSte11 plays a key role in the infection process, cross talk between MAPK cascades converged on microsclerotial development. With this framework, we are pursuing additional questions regarding the roles of MAPK pathways in V. dahliae for development, adaptation to surroundings, and pathogenesis. Characterization of the cross talk between MAPK cascades and other signaling pathways will lead to better understanding of the regulatory network involved in regulation of virulence and formation of microsclerotia as a resting structure of V. dahliae.
MATERIALS AND METHODS
Fungal strains and growth conditions. The Verticillium dahliae strain XS11 (nondefoliating pathotype, race 2) was isolated from a smoke tree in Fragrant Hills Park, Beijing, China (58) and used as the parental strain to generate gene deletion mutants in this study. All the strain used in this study were primarily incubated on potato dextrose agar medium (PDA) (200 g potato, 20 g glucose, 15 g agar per liter). Conidia used for phenotypic analyses, including growth rate, yield and germination of conidia, and multistress assay, were acquired from a colony that was incubated for 7 days on PDA.
To observe microsclerotial formation, a conidial suspension of V. dahliae (10 4 /ml) was sprayed onto a cellulose membrane (Ø ϭ 80 mm; pore size ϭ 0.22 m), which was overlaid on solid basal medium (10 g glucose, 0.2 g/liter sodium nitrate, 0.52 g KCl, 0.52 g MgSO 4 ·7H 2 O, 1.52 g KH 2 PO 4 , l M thiamine HCl, 0.1 M biotin, 15 g agar per liter). In addition, the conidial suspension was incubated on glass slides that had been smeared with 500 l solid basal medium (BM) (10 g glucose, 0.2 g sodium nitrate, 0.52 g KCl, 0.52 g MgSO 4 ·7H 2 O, 1.52 g KH 2 PO 4 , 3 mol thiamine HCl, 0.1 mol biotin, and 15 g agar per liter). Microsclerotial formation was observed and photographed after incubation at 25°C at 48-h intervals. To test sensitivity to multiple stresses, including cell wall inhibitors, such as calcofluor white (CFW) (Sigma-Aldrich) and Congo red (CR) (Sigma-Aldrich), osmotic stresses, and fungicides, conidia of V. dahliae were incubated onto complete medium (CM) (50 ml of 20ϫ nitrate salts, 1 ml of 1,000ϫ trace element, 10 g glucose, 2 g peptone, 1 g yeast extract, 1 g Casamino Acids, 1 ml vitamin solution per liter) Under osmotic stresses, the HOG cascade is activated, leading to an efficient stress response. The HOG cascade is also involved in melanized microsclerotial formation. Our phosphorylation assay demonstrated that a single VdSsk22 activates VdHog1, but not VdSte11, suggesting that the VdSte11 pathway does not transmit phosphorylation signals to the VdPbs2-VdHog1 module. During pathogenesis, the HOG cascade is important for proliferation but not for penetration. However, another MAPK cascade (Ste11-Ste7-Kss1 [Vmk1]) is required for penetration and differentiation of invasive hyphae. This Ste11-Ste7-Kss1 cascade is only required for regulating melanin biosynthesis during melanized microsclerotial formation. described by M. J. Neumann and K. F. Dobinson (59) with or without 0.8 M and 1.0 M NaCl, 1.2 M and 1.4 M sorbitol, 0.4 M and 0.6 M CaCl 2 , or 10 g/ml and 30 g/ml CFW, 25 g/ml and 75 g/ml CR at 25°C, respectively. To analyze the chitin distribution in the control and the ΔVdSsk2 and ΔVdSte11 strains, 20 g/ml CFW was used for staining the hyphae in liquid yeast extract peptone-dextrose broth (YEPD) (3 g yeast extract, 10 g peptone, 20 g dextrose per liter) with or without 0.2 M NaCl for 3 days. Images were captured using a compound microscope (Leica DM 2500).
Immunoblot analyses. Total proteins were isolated from 48-h fresh mycelia grown in liquid CM cultures, separated on a 12.5% SDS-polyacrylamide gel. Separated total proteins were transferred to a nitrocellulose membrane, and the anti-phospho-p38 monoclonal antibody (P-Hog1; Cell Signaling) was used to detect the phosphorylated form of the V. dahliae Hog1p (VdHog1p). The same blots were stripped and then reprobed with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (catalog no. SRP00849; Saierbio) as the internal control.
Bioinformatic analyses of VdSsk2 and VdSte11 with their homologs. To identify orthologous genes Ssk2 and Ste11 in V. dahliae, the full-length amino acid sequences of ScSsk22 (YCR073C) and ScSte11p (YLR362W) were used in searches against the V. dahliae genome (60) with blastp (61) . The homologs of Ssk2p and Ste11p in other fungi were searched with blastp at the National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov). Phylogenetic trees were constructed by MEGA 6.0 (62) with the maximum likelihood algorithm under default settings and 1,000 bootstrap replications. Multiple sequence alignments were performed with ClustalX 2.0 (63) .
Deletion and complementation of VdSsk2 and VdSte11 in V. dahliae. To delete VdSsk2 and VdSte11 in the genome of V. dahliae strain XS11, we used the split-marker method (64) . All primers used were included in Table S1 in the supplemental material. The 5= (1,329-bp) and 3= (1,380-bp) flanking sequences of VdSsk2 were amplified with primer pairs LY120/LY121 and LY158/LY159, respectively. The 5= (972-bp) and 3= (1,078-bp) flanking sequence of VdSte11 were amplified with primer pairs LE9/LE13 and LE7/LE8, respectively. These flanking segments overlapped with Geneticin resistance cassette using primer pair Geneticinfor/Geneticinrev (for stands for forward, and rev stands for reverse). The deletion cassettes of VdSsk2 were obtained with primer pairs LY120/Geneticinrev and Geneticinfor/LY159, and the deletion cassettes of VdSte11 were obtained with primer pair LE9/Geneticinrev and Geneticinfor/LE8. Each of these products was verified by sequencing and then used for protoplast transformation in strain XS11. To obtain the VdSsk2 complemented strain, a segment of DNA (5,951 bp) was amplified using primer pair LY119/LY124, which contain the native promoter and coding sequences of VdSsk2. To obtain the VdSte11 complemented strain, the wild-type coding sequence of VdSte11 was amplified with primer pairs LE9/LE6 (2,872 bp), and a fragment of DNA encoding an external promoter TrpC (464 bp) that was amplified from pRF-HU2 plasmid with primer pairs YJ104/YJ105, and both fragments were included in a final fusion PCR. The fusion products were transformed with the hygromycin resistance gene cassette into protoplasts of the ΔVdSsk2 or ΔVdSte11 deletion mutant by a polyethylene glycol (PEG) method (58) . All transformants were verified with the external screening primers LY192/LY193 and the internal screening primers LY190/LY191. RNA extraction and quantitative real-time PCR. For detection of the expression levels of genes with known roles in melanin biosynthesis and cell wall biogenesis, the mycelia of XS11, ΔVdSsk2 and ΔVdste11 strains were collected after 7 days of incubation on PDA at 25°C. For calcium treatment, the mycelia of XS11, ΔVdSsk2, ΔVdpbs2, ΔVdhog1, and ΔVdcrz1 strains were incubated into liquid YEPD for 3 days, filtered, washed twice with water, and stimulated with 0.3 M Ca 2ϩ for 30 min for RNA extraction. Total RNA from the mycelia described above was extracted using TRIzol reagent (Invitrogen) and purified with an RNA minikit (Ambion). The cDNA from these strains was synthesized using SuperScript III reverse transcriptase (Invitrogen). Reverse transcription-quantitative PCR (RT-qPCR) was conducted with SYBR green (SuperReal-Premix Plus; Tiangen, China). All of these reactions were run on an ABI7500 real-time PCR system (Applied Biosystems, USA), and the agents for these assays were used in accordance with the manufacturer's instructions. The cycling conditions for the RT-qPCR experiments included an initial denaturation at 95°C for 15 min, followed by 40 cycles, with 1 cycle consisting of 95°C for 10 s and 60°C for 32 s. The results were calculated by the 2 ϪΔΔCT method (65). The V. dahliae ␤-tubulin gene was used as the internal reference for all RT-qPCR analyses by the method of Duressa et al. (7) .
Nine genes used for RT-qPCR analyes were listed in Table 1 . Four other genes included 1,3-␤-glucan synthase (VDAG_02340 and VDAG_02341), glucan synthesis regulatory protein (VDAG_08428), and VdCrz1 (VDAG_03208). All primers used for these analyses are listed in Table S1 .
Pathogenicity and penetration assays. Pathogenicity assays were performed in greenhouses with tobacco seedlings using a root dip method as previously reported by D. Xiong et al. (66) . Conidia were filtered from liquid CM after 8 days of incubation and diluted to 2 ϫ 10 6 /ml with distilled water. Three-month-old tobacco seedlings were washed briefly in tap water, soaked in the conidial suspension for 10 min, and replanted into autoclaved soil. The observations for pathogenicity experiments were performed at every 5 days postinoculation (dpi). To determine the ability of strains to approach the vascular system in tobacco, at 5 weeks postinoculation, stem sections around above 10 cm soil were collected and placed on PDA medium. PDA plates were incubated at 25°C for 7 days for observing V. dahliae colonies. The fungal colonies were then transferred to fresh PDA for another 10 days for imaging. The experiment was repeated three times with four replicates.
To observe the ability of the V. dahliae strains to penetrate onion epidermis membrane and cellophane membrane, conidiospores of VdSsk2 and VdSte11 deletion strains were collected from PDA after 7 days of incubation, diluted to 10 4 /ml with sterile water, and inoculated onto each surface at 25°C. Observations of hyphopodia and penetration pegs were performed, and images were captured using a compound microscope (Leica DM 2500) at 24-h intervals.
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